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ABSTRACT 
The Energy Expenditure of Heifers Grazing 
Crested Wheatgrass Rangeland in West-Central Utah 
by 
Kris M. Havstad, Doctor of Philosophy 
Utah State University, 1981 
Major Professor: Dr. John C. Malechek 
Department: Range Science 
The free-roaming ruminant requires energy for the demands of 
vii 
grazing, traveling and thermoregulation that are not required by its 
confined counterpart. Literature estimates of these additional 
costs range from 10 to 170 percent above maintenance. The uncer-
tain magnitude of this increased demand and the factors that 
contribute to it impede the ability of the rangeland ruminant nu-
tritionist to establish guidelines for the energy requirements of the 
free-roaming herbivore. This study was designed to estimate the 
energy expenditure of yearling Angus heifers while grazing a de-
clining supply of available crested wheatgrass forage (_!..__g__ropyron 
cristatum) on rangeland in west-central Utah. 
. vV:-­'; 
Free-ranging energy expenditure was estimated twice for four 
heifers during each of five ten-day periods during June, July 
August and early September, 1979. These estimates were obtained 
using the carbon dioxide entry rate technique. In addition, total 
fecal output, dietary crude protein and dietary in vitro organic 
matter digestibility were estimated for animals grazing the 20-
hectare crested wheatgrass pasture. From these data, daily forage 
intake was calculated. The level of available forage during each 
period was estimated using the ocular weight-estimate technique
applied on forty 1 m
2 
circular plots.
viii 
Energy expenditure was estimated as 161 (with a confidence in-
- 75 -1 
terval of .±_43) kcal·kg body weight · ·d (n=lO), and was indepen-
dent of the decline in available forage from 880 to 284 kg dry 
matter·hectare-
l 
that occurred over the course of the grazing season.
Daily intake was 54.5 grams (organic matter basis) per unit body 
· h ·
75 
f h 305 k h 'f weig t or t e g ei ers. Daily intake was independent
of the supply of available forage. 
During early July, 1980, crested wheatgrass was harvested as 
hay and fed to 260 kg yearling Angus heifers in metnbolism stalls 
in a thermoneutral and constantly illuminated laboratory. Daily 
feeding levels were set at 54.5 grams (organic matter basis) per 
. 
b d . h ·
75
unit o y weig t Energy expenditure under these conditions 
. -.75 -1 was estimated as 111 (.±_12) kcal·kg body weight ·day , 6 kcal per
· b d · h . 
75 
h h 
. f h f . unit o y weig t greater t an t e mean estimate o t e asting
metabolism rate. The latter estimate was obtained following a 
ix 
48-hour fast. These estimates of maintenance and fasting metabolism
were combined to provide a mean estimate of 110 (_±10) kcal·kg body 
. -.75 -1 weight ·day (n=l4). 
- 75 -1 
Of the 45 percent (51 kcal,kg body weight · ·day ) increase
in the estimated energy expenditures by heifers under free-ro;irnine 
conditions, SO percent was attributed to the energetic cost of 
grazing. A daily average 9.2 hours were spent in this activity. 
The energetic cost of grazing was assumed as 0.82 kcal·kg body 
-1 -1 
weight ·hour spent grazing. Daily travel was estimated as 3.9
-1km at.an assumed energetic cost of 0.58 kcal·kg body weight 
-1
km . This accounted for a 20 percent estimated increase in energy
expenditure. Average daily temperatures were generally between
12° C and 30 ° C and thermoregulatory demands were not considered as a
substantial energetic expense. The remaining 30 percent (12 kcal)
of the additional increment due to free-roaming conditions could not
be explained. �
_
( 
(90 pagen) 
STATEMENT OF THE PROBLEM 
Introduction 
The productive performance of domestic livestock is dependent 
upon the flow of nutrients from the feed to the animal and the pre-
vailing efficiency with which those nutrients are utilized. Typi-
cally, the classical approach to animal nutrition has been to deter-
mine both the nutrient content of the feed and the animal's require-
ments, and supplement this flow with nutrients that are deficient 
(Harris 1968). The plethora of information on nutritional quality 
of feeds and nutritional requirements of domestic livestock allow 
this classical approach to be a successful one when managing the 
needs of housed or confined livestock. 
The productive performance of domestic livesto c k on rang e lands 
is also dependent on th e flow of nutrients from the feed source 
to the animal. Yet, the complex interactions between the graz in g 
animal and its forage resource is poorly understood (Rittenhouse 
and Vavra 1979). The variability of the grazing animal's require-
ments and the variability of the diet it selects severely restricts 
the classical approach in analyzing nutritional needs and solving 
nutritional deficits (Harris 1968). It becomes necessary to study 
the interactions between the plant resource and the free-ranging 
animal so that the mechanisms which generate the animal's response 
can be understood (McDonald 1968). 
2 
Huch of the research in the range animal nutrition field of 
study has been devoted to developing techniques applicable to inves-
tigation of these interactions. Use of these varied methodologies 
has provided some insight into this plant-animal interface. Appli-
cation of this understanding then becomes the rangeland approach to 
animal nutrition, an approach that is still probably as much an art 
as it is a science. 
Delineation of the Problem 
Th e nutrient requirements of animals includ e varying propor-
tions of proteins, minerals, vitamins and nutrients which supply 
energy. Of this diverse group, those components which supply energy 
represent the category of nutrients required in the largest amounts 
(Knox 1967). Satisfying these energy needs of th e confined a nimal 
is the basis for all ruminant feeding sta ndards (Churcl1 and Pond 
1974). Energy is required for the processes of maintenance, growth, 
lactation and reproduction. For the growing heifer these processes 
will demand an estimated daily intake of 5.2 Meal for the net energy 
of maintenance (NE) (NRC 1976). Any signifi c ant redu c tion in this 
m 
level of energy intake can reduce performan ce. 
The range animal requires additional energy inputs to meet the 
demands of grazing, traveling and thermoregul ation. For example, 
40 percent of the energy expended by grazing sheep has been attri-
buted to the activities of standing, walkin g , ruminating and eating 
as compared to 10 percent for a housed animal (Graham 1964). Young 
3 
( 1975) reported a 15 percent increase in maintenance energy require-
ments when previously confined cattle were confined outdoors where the 
ambient temperature was 17°C. There was an additional 12 percent 
increase when the ambient temperature declined to 12°C. There may 
be a 10 percent increase in the energy expended by sheep while gra-
zing (Graham 1964), and a 2 percent increase for each hour of 
grazing by cattle (Holmes et al. 1978). Moderate activity by prong-
horn antelope increased energy expenditure by 58 percent over mainte-
nance levels (Wesley 1971). In the final analysis, fulfilling these 
additional demands upon the ran ge animal may requir e an increase of 
10 percent to 270 percent in the daily intake of metabolizable 
energy above that required by a housed counterpart (Young and Corbett 
1968). 
The uncertain magnitude of this additional energy 
demand impedes the ability of the range animal nutritionist to es-
tablish guidelines for energy requirements of the free-roaming 
herbivore. Furthermore, the ruminant's rate of metabolism is set 
not only by its body size, but also by the temporal and spatial 
quality and quantity of its forage resource (McNab 1980). Thus, 
for the animal whose forage resource shows a decline in quantity and 
quality, there is a resulting change in its metaboli c rate and energy 
requirements for maintenance. Much of this increase in e ner gy 
expended would result from an increased time spent foraging 
(Lambourne and Reardon 1963). Nastis (1979) reported an increased 
daily grazing time of 4.6 hours for yearling heifers grazing crested 
4 
wheatgrass rangeland as forage availability declined from 919 kg/ha 
to 144 kg/ha. Scarnecchia (1980) reported similar results from a 
comparable study. -1 -1 Using 0.54 cal·BW ·hr as the energetic expense 
of grazing (Graham 1964), the 300 kg animals in Nastis' study would 
have expended an additional 0.75 Meal as forage availability declined 
to its lowest level. This value represents nearly a 10 percent in-
crease in the energy expended by the foraging animal. Other workers 
have suggested similar conclusions (Lambourne and Reardon 1963, 
Coop and Drew 1963), but their estimates of energy maintenance 
requirements were based on conversion of digestible organic matter 
intake to Meal of metabolizable energy expended. 
Young and Corbett (1972b) demonstrated no differences in energy 
expended by sheep grazing pastures with levels of available forage 
of 1880, 460 and 270 kg/ha. However, these data were confounded 
by significant differences in the body weights of th e animals 
grazing the three different forages. It is apparent that the 
effect of alterations in the availability of forage upon the energy 
requirements of the grazing ruminant has yet to be adequately 
quantified. 
Purpose of the Study 
This study was designed to elucidate the effect of declining 
forage availability upon the energy expended by free-roaming cattle 
grazing crested wheatgrass (Agropyron cristatum) rangelands. The 
quantification of this energetic relationship would provide a basis 
for further clarifying the rangeland plant-rangeland animal inter-
face. Furthermore, these data could aid in the revision of present 
feeding standards so as to be more appropriate for the rangeland 
ruminant. 
Objectives 
The central objective was to detennine the energy expenditure 
of heifers grazing a crested wheatgrass pasture in west-central 
Utah. The research objectives originating from the central ob-
jective were: 
5 
1. To determine the energy expended by heifers grazing a 
variable supply of available forage during the summer graz ing season. 
2. To determine the differen ces in energy expended by heifers 
g r azing seeded ran ge lands and penned cows consuming a. diet of similar 
quantity and qu ali ty. 
3 . To develop a table of energy requirements for a heifer 
grazing crested wheatgrass rangeland durin g the summer grazi n g sea son. 
Hypothesis 
The first objective was accomplished by testing the following 
hypothesis: 
The energy expenditure of the free-ranging h eifer is a 
function of the amount of available forage. This function will 
include three relationships dependent upon that amount of forage. 
These relationships are: 
1. A linear positive relationship over a range of low amounts 
of available forage. 
2. A linear negative relationship over a range of moderate 
amounts of available forage. 
3. An independent relationship with high amounts of available 
forage. 
Limitations 
6 
One of the most significant limitations associated with range-
land animal nutrition research is the statistical variation of esti-
mates of dietary quality, quantity and rates of energy exchange. 
Cordova et al. (1978) have reviewed the literature on animal varia-
bility and numbers required for sampling intake, diet quality and 
fecal output. Most intake studies reviewed reported coefficients 
of variation of 10 to 16 percent. It was suggested that at least 
six animals are required for six-day samplin g periods for estimating 
fecal output within 15 percent of the mean. Sample size and dura-
tion recommendations were reduced for diet quality de termination. 
For non-chamber methods of determining energy exchange Brockway 
(1978) suggested that acceptable techniques must have an accuracy of 
1 to 10 percent of chamber methods. The carbon dioxide entry rate 
technique (CERT) has not continually exhibited this degree of 
accuracy. Whitelaw et al. (1972) reported an accuracy of _±12.5 
percent as compared to the +7.9 percent reported by Corbett et al. 
(1971). These values represent the general range of variability 
7 
associated with estimates of energy exchange of sheep in confined 
and controlled laboratory settings. Also, in the one report of the 
use of CERT with cattle in a field setting, Young (1970) listed mean 
estimates of energy expenditure that had an associated coefficient 
of variation of 15.5 percent. It becomes apparent that estimates 
of voluntary intake and energy exchange will be limited by associated 
coefficients of variation of at least 15 percent. 
Definitions 
Available forage 
The amount of forage which can be potentially consumed per unit 
area at any given period of time (kg·ha- 1 ). 
~n~rgy expenditure 
The number of kilocalories spent per unit metabolic body weight 
per 24 hours (synonym: - 75 -1 energy exchange) (kcal· BW · · cl ) • 
Entry rate 
-1 
The ratio of infusion rate to specific activity (gC0 2 c;:irbon· min ) . 
Infusion rate 
The number of nanocuries subcutaneously infused into the animal 
per minute for a 24-hour period (nCi·min- 1 ) 
Intake 
The number of grams of organic matter consumed per unit metabolic 
body weight per 24 hours (gOMI·Bw-· 75 -d- 1 ). 
Metabolic body weight 
The live body weight (kg) raised to the 3/4 power (Bw·75 ). 
Specific activity 
The number of nanocuries per gram of co 2 carbon extracted from 
animal urine samples (nCi·gCo 2c-
1). 
8 
REVIEW OF THE LITERATURE 
Introduction 
Since the publication of "Experiences sin la respiration des 
animaux et sur les changements qui airwent a l'au en passant par 
leur poumons", by A.L. Lavoisier in the Mem. de l'Acadamie de 
Science (1777, p. 185), as cited by Brody (1945), animal nutri-
tionists have continually developed and redesigned calorimetry 
equipment and techniques. From Armsby to Brody to Kleiber to 
9 
Blaxter several successive generations of researchers have worked to 
develop the concepts and explore the complexities of the energy 
metabolism of ruminants. For the uninitiated, their combined legacy 
in the forms of textbooks, symposia, agricultural experiment station 
bulletins, journal articles and lectures is overwhelming. For-
tunately this historical ground has been plowed and several excellent 
reviews have been assembled. These include reviews which deal with 
techniques (Flatt 1969, Pullar et al. 1969, Whitelaw 1974), terminology 
(Gessaman 1973, Brody 1945, Kleiber 1961) and processes (Blaxter 
1969, Bartholomew 1972, Smith 1971). 
It will be the p~rpose of this review to provide a brief over-
veiw of this information on the bioenergetics of domestic livestock 
and the calorimetry techniques used to provide this information. 
This review will provide the framework from which the methodology 
of this study and derived results can be comprehended and discussed. 
10 
Bioenergetics 
Energy is defined as the ability to do work. Physicists 
recognize energy in several forms including electrical, chemical, 
potential, kinetic, mechanical and radiant. For the animal 
nutritionist, the actions, forms, and transformations of energy 
within the animal are termed bioenergetics. Based on the first and 
second laws of thermodynamics and dependent upon the Law of Hess 
(the law of constant heat sums) for the ability to quantify energy 
transformations, bioenergetics deals with energy in the form of 
heat. An excellent comprehensive review of the theoretical basis 
of bioenergetics can be found in Brody (1945, p. 12-36). 
Blaxter (1971) has formulated ruminant bioenergetics as: 
where: F fasting metabolism, a= constant, W = liv e body weig ht, 
n = 0.811 + 0.08. This formula, and specifically the value of n, 
has been and still is a subject of much discussion. TI1is r e lation-
ship originated from the so-called surface law (Rubn er 1883 as 
cited by Poczopko 1979) which states that the fasting animal produces 
1000 kcal per square meter of surface area and from th e surface 
area (S) formula: 
S = kw213 
where: k = constant (9.41 for 18-month-old cattle in 
moderate condition) (Armsby 1930), W = live body weight 
(Meeh 1879 as cited by Poczopko 1979). However, 
11 
though evidence does suggest that metabolism is roughly proportional 
to surface area, Bartholomew ll972)has listed several reasons why 
n # 2/3. Included in this reasoning are that the effective surface 
area of a live animal is continuously changing and that there is 
no mechanism for the physiological control of metabolism by the 
surface area. Kleiber (1961) reviewed this subject and presented 
strong evidence for n = O. 75. This value was reaffirmed four years 
later (Kleiber 1965), and has been corroborated by more recent 
reviews (Poczopko 1979, Economos 1979, McMahon 1973). 
Though the value of this expo n ent has attracted much a tt e ntion, 
th e real question for the bioenergeticist is what is th e value of "a" 
(Bartholomew 1972). For calculation of basal metabolism a = 70 has 
been common l y used since first s uggested by Brody (1945). This 
value has been fur th er supported by several investigators (Kleiber 
1961, Poczopko 1971). However, the standard deviation of thi s val ue 
has been estimated as +15 percent (Blaxter 1971). For cattle, a= 81 
is frequently encountered in the literature and h as heen 11sed hy Cook 
(1970) in calculating th e energy budget of range livestock. 
The cost of maintenance above that of basal metabolism varies 
widely with species, age and environme ntal conditions. llrody 
(1945) suggested a range of 1.3 to 4.0 times the "a" value for 
maintenance conditions. This range brackets va lu es reportedly 
used by several investigators (Gessaman 1973). For dome s tic livestock 
the conditions of maintenance are 1.15 to 1.4 times mor e costly than 
basal metabolism demands (Blaxter 1971, Ledger and Sayers 1977). For 
a mature cow this range represents a difference in daily energy 
expenditure of 1.7 Meal. Table 1 presents values of basal and 
12 
maintenance energy expenditures for a variety of ruminant species 
determined under a variety of conditions. Compilation of this in-
formation required the assumption that all investigators had similar 
definitions of basal and maintenance conditions, an unlikely con-
dition. Also, liberties were taken in converting some data to the 
- 75 -1 
standard units of kcal·BW · ·d . This table shows that generali-
ties concerning basal and maintenance requirements for energy will 
have to be broad ones. 
Free-roaming conditions may increase requirements above main-
tenance 1.1 to 2. 7 times (Young and Corbett 1968), though more 
moderate increases of 1.25 to 2.10 are typically quoted (Young and 
Corbett 1972a,Coop 1962, Led ge r 1977). For a matur e cow this range 
represents a difference in daily energy ex p e nditur e of 7 Meal . 
Osuji (1974) estimated a 1.3 fold incr ease in graze d as compa red 
to housed sheep, but this estimate was d e rived from summation of 
energetic costs of activities according to time spent or distance 
travelled. The energetic costs of these individual ac tiviti es are 
well-established and thoroughly reviewed in the lit e r at ure (Graham 
1964, Osuji 1974, Malechek and Smith 1976, Ribero 1976, Toutain et 
al. 1977, Vercoe 1973, Holmes et al. 1978, Webster 1972). Yet, 
estimates derived in this manner are typically lower than those de-
rived from calorimetry techniques (Blaxter 1971). 
Table 2 lists the results from several studies on the in-
creased energetic costs associated with free-roaming conditions. 
Table 1. Some examples of hasal and maintenan ce ener gy 
- 75 -1 
expenditure (kcal· BW · · d ) of several 
ruminant specie$. 
----- ----- ----- ---- ---------------
Energy Expenditure 
-=S_._p_e_c:...:i:...:e:...:s=--------'-B_a..:;_s_a_l __ _:~_.:...:la-=i=-n_t_e_:cr_1 _ n_c e ___ _ __ _ ...=C....co_m-:cm:...:ec.::.n.:-=.ts ___________ -c.C_i_t_a_t---'-i'--'o_n ___ _ 
cattle 
sheep 
70 
70.5 
97.3 
105 
130 
112 
63 
78.7 
5 7. 4 
60.2 
141 
101 
66 
56.J 
103.1 
88.2 
105. 7 
81. 5 
94.4 
35.9 
75.l 
89.0 
103.0 
107. 0 
102.0 
106.0 
15 7 
136 
19d 
the first value for "a" 
r ea ffirming Brody's work 
dairy cattle 
yearlings 
75 kg 
175 kg 
600 kg 
year lin gs 
yearlings 
dairy 
lactating 
crossbred 
year lings 
level of intake had no effect 
until= 10%BW 
housed 
outside@ 17.4°C 
outside@ 12.7°C 
steer, 2-year-old 
steer, 2-4- year-old 
steer, mature 
calf @ +10°C 
calf @ 0°C 
calf a -30 °C 
Awassi bree<l 
:ierino breed 
]-·weeks-old 
9--weeks-old 
66-weeks-old 
Brody 1945 
Kleiber 1961 
Clark et al. 1972 
Webster et al. 1974 
Poczopko 1979 
Poczopko 1979 
Poczopko 1979 
Rogerson 1960 
Rogerson 1960 
Nark 1970 
Patle and Mudgal 1977 
Patle and Mudgal 1975 
Webster et al. 1976 
Berman 1968 
Young 1975 
Young 1975 
Young 1975 
Reid and White 1979 
Reid and White 1979 
Reid and White 1979 
Christopherson et al. 1979 
Christopherson et al. 1979 
Christopherson et al. 1979 
Dejen and Shkolnik 1978 
Dejen and Shkolnik 1978 
Poczopko 1979 
Poczopko 1979 
Poczopko 1979 
Langlands et al. 1963a 
Table 1 (continued). 
Energy Expenditure 
Species 
sheep (cont.) 
Basal Maintenance Comments 
bison 
caribou 96.5 
reindeer 
elk 
horse 
bighorn sheep 
pronghorn sheep 76 
whitetailed deer 96.3 
143.9 
76.4 
60.7 
52.8 
104.5 
95.d 
87. 9 
78.5 
82.2 
63.8 
223 
171 
171 
115.7 
144.4 
144.2 
150.6 
107 
85 
119 
160 
--- ------
yearling 
old, thin 
old, fat 
71 kg ewe (CERT) 
15-month-old 
42 --month--old 
32°c 
summation of activities 
calf @ +10°C 
calf ,_a 0°C 
calf @ --30°C 
CERT 
CERT 
40 kg calves 
low es t level of year 
adult 
winter 
summer 
winter 
Citation 
------
Toutain et al. 1977 
Toutain et al. 1977 
Toutain et al. 1977 
Young and McEwan 1975 
Reid and White 1979 
Reid and White 1979 
Yousi et al. 1977 
Russel et al. 1977 
Graham 1964 
Christopherson et al. 
Christopherson et al. 
Christopherson et al. 
McEwan 1970 
Young and McEwan 1975 
Young and McEwan 1975 
Robbins et al. 1979 
Brody 1945 
1979 
1979 
1979 
Chappel and Hudson 1978 
Wesley 1971 
Silver et al. 1969 
Silver et al. 1969 
Ullrey et al. 1970 
Table 2. Some example::; of tile increase in daily ene r gy ex penditur e (DEE) above maint enance attributable 
to free-r angin g condition::;. _ __ ________ __ _ ___________________ _____ _ 
(mult i ple -
Comments Citation 
of maintenance) 
?Pecies Increase in DEE 
----------------------
sheep 1. 47 
1.4 
1. 24 
1.16 
1. 33 
1.4 
1.57 
1. 3 
1. 6-1. 7 
oom-V 
DOMI-lj 
nomll 
1/ 
abundant forage, DOMI -
scarce forage, DOMI-_!_/ 
. 2/ 
summation ··· 
MIC·l / , CERT-4/ 
. 2/ 
s umma t 1 on--
not in f lu enced by level of 
forage21 
cattle 1. 6 
1.5 
CERT-9 
DOMIJ.-_/ 
pronghorn 1. 6!}__/ R.7 / r, · 
1_/ DEE 
])DEE 
1\nc 
-1 digestibl e organic matter intake x 4.4 kcal·kg DOMI 
E (ener getic cos t of ac ti vi t y x duration or distance) 
mobile indir ec t caloumetry 
Coop and Hill 1962 
Corbett 1963 
Langlands et al. 1963b 
Lambourne and Reardon 1963 
Lambourne and Reardon 1963 
Graham 1964 
Young and Corbett 1968 
Osuji 1974 
Young and Corbett 1972b 
Young 1970 
Wallace 1956 
Wesley 1971 
-~_/CERT= carbon dio xi de entry rate _§_/moderate levels of activity 
.'i_/ assumes maintenance DEE = 105 kcal· Bl·/-· 7_5 ____ ____ !) RE = respiratory exchange method 
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This range of values and the values for maintenance in Table 1 can 
be attributed to differences in methodology, body size, food habits, 
breed, age, season, thermoregulatory demands, activity levels and 
thyroid activity (Berman 1968, Bouit et al. 1977, Dejen and 
Shkolnik 1978, McNab 1980, Silver et al. 1969, Toutain et al. 
1977). Energy expenditure does appear to be independent of level of 
intake (Chappel and Hudson 1978, Webster 1972, Young 1975). However, 
a decrease in the quantity of forage available to the grazing 
animal may increase daily energy expenditure (due to rtn increase 
in grazi ng time) (Lambourne and Reardon 1963, Osuji 1974, Webster 
1972) but this relationship has not been sa tisfactorily clarified 
(Farrell et al. 1972, Young and Corbett 1972b). The daily e n e r gy 
expe nditure of the grazing ruminant is obviously rt function of its 
unique set of physiological and enviro nmental conditions, and this 
function is poorly quantified, at best. 
Calorimetry Techniques 
Many reviews of calorimetric techniques begin with n·fcrcnce to 
Lavoisier ' s late eig ht ee nth ce ntur y adiabatic systc>m for measuring 
heat produced by th e gui n ea pig. As one would hope, thv passage of 
200 years l1as brought substantial changes in the teclmiqt1( 'S a nd equ ip-
ment of the bioenergeticist. The laborious, expensive and difficult-
to:control methods of direct adiabatic calorimetry hav e be e n abandoned. 
Though still dealing with attempts to discover the amounts of the 
various chemical and physical process es that occur within the animal 
and their time course, the methodology hP.s slowly evolved to new approaches 
and assumptions. Lavoisier might have been hard pressed to asso-
ciate his ice-packed calorimeter with techniques that employ heart 
rate telemetry, radioactive carbon or double-labeled water. Yet, 
the basic theories have remained unchanged. 
Heat is that which produces a change in temperature. When 
involved in any chemical reaction heat is independent of the manner 
in which the reaction is achieved (the Law of Hess). Additionally, 
the sum of all energies in an isolated system is constant (the first 
law of thermodynamics) and all systems will approach a state of equili-
brium (the second law of thermodynamics). As with any sys tern the animal 
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body labors under these laws and struggles to capture the free energy re-
quired for survival. It is the oxidation of this free energy, in the forms 
of carbohydrates, proteins and fats that lib era te s heat as well as carbo n 
dioxide, water, meth sme and products of incomplete comb us t Lon. 
Calorimetry is defined as the measurement of this hea t, and it was 
the heat produced by guinea pigs, dogs, humans, livestock and other 
subjects that drove th e calorimetry experiments of Lavoisi e r, 
Crawford, Boussignault, Atwater, Armsby, Rubner, Maynard and the 
other original workers in this field. Review s of the early deve lop-
ments in calorimetry can be found in Lusk (1933) and McColleum 
(1957). Also, a discussion of the equipment and methodology of th e first 
direct calorimeter used for large herbivores can be found in Graham 
(1933). Blaxter (1962) has also reviewed the development of the 
first calorimeters along with a review of more current methods. He 
has separated these methods into two general categories: direct and 
indirect methods. Direct approaches are of two types, (1) adi-
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abatic, the type used by Lavoisier and Armsby, and (2) nonadiabatic 
or, more commonly, the gradient layer type which measures both sensi-
ble and evaporative heat di,rec tly. Adiabatic types hav e been 
abandoned because of excessive costs of labor and materials and the 
difficult y in controlling the heat exchange. Pullar (1969) has 
thoroughly reviewed the theory of gradient layer calorimetry. A 
diagram of this device can be found in Pullar (1963). The major 
advantage o f gradient layer calorimetry over indir ec t approaches is 
the automatic production of continuous permanent records showing 
the minute-to-minute fluctuation in the heat loss of tho subject 
(Pullar 1969). 
Methods of indirect estimations of heat production are numerous. 
Flatt (1969) has categorized this typ e of approac h into those which 
energy retention is measured directly and those where e n e rg y re-
tention is measured indirectly by deducing the energy loss from the 
dietary intake. Indirect t ech niqu es have the advant;igp over direct types 
in being less expe nsiv e a nd indicators of ch anges in hody substance 
and nutrient sources of energy. Comparisons of di~cct a nd indirect 
approaches can be found in Pullar et al. (1969) and Brockwny et al. 
(1969) . Traditional indirect techniques compare quite well with 
direct methods. 
Indirect approaches are based primarily on the fact that h ea t 
production is closely correlated with oxygen consumption and carbon 
dioxide production (the respiratory quotient). Tabl e J categorizes 
various types of indirect methods. The included citations are pro-
vided as an access route to the extensive literature on this genC'ral subject. 
Table 3. A listing of various types of indirect calorimetry. 
Indirect Calorimetry 
A. Direct Estimate of Energy Expenditure 
1. Respirator y Exchange (Blaxter 1962) 
a. closed circuit (Kleiber 1961) 
b. open circuit (Kleiber 1961) 
(1) gas volume measurement (Blaxter et al. 1972) 
(2) gas analysis (Young et al. 1977) 
(3) heart rate and respiratory rate (Yamamoto et al. 
19 79) 
(4) carbon dioxide entry rate (Whitelaw et al. 1972) 
2. Carbon and Nitrogen Balance (Blaxter 1969) 
3. Comparative Slaughter Technique (Lofgreen and Otagaki 
1961) 
B. Indirect Estimate of Energy Expenditure 
1. Body Composition Estimation 
a. body weight gain (Blaxter 1962) 
b. body water content (Reid et al. 
c. carcass specific gravity (Lynch 
2. Time Budget Analysis (Moen 1973) 
3. Food Intake Balance (Lambourne and 
1963) 
and Wellington 
Reardon 1963) 
4. Energy Balance Models (Porter and Gates 1969). 
1963) 
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It is a tribute to the ingenuity of the animal scientist that 
many of the methods on this list are applicable to the free-roaming 
erbivore. Yet, many of these methods have serious drawbacks. 
Obviously, closed circuit techniques are not applicable. Several 
o f the methods are imprecise because of their assumptive nature 
(Blaxter 1962, McDonald 1968, Reid et al. 1963). Energy balance 
models are still in their infancy (Gessaman 1973) . The open circuit 
gas volume approach is limited for the same obvious reasons as 
the closed circuit method . 
by the equipment required. 
Open circuit gas anal ys is is limited 
For example, Holmes e t al. (1978) used 
a gas analysis approach by enclosing the heads of steers grazing 
lugume grass pastures in a portable wood e n box th a t sealed 
with the g round when the animals lowered their heads. 
The application of this methodology to western U.S. ran ge -
lands would be difficult. Typically, gas a nalysis me thod s 
with a grazing animal require fistulation of the trachea. Though 
improvements in this technique have been suggested (Cresswell and 
Harris 1958, Cresswell and Harris 1961, Young and Webster 1963), the 
e quipment is awkward. Young and Corbett (1972a) have provided infor-
mation on the construction of this equipment and estimated that this 
approach has an error of +12.3% of the mean. Heart rate (Webster 
1967) and respiratory rate (Gessaman 1973) measurements have been 
frequently employed during recent years. Their value has been 
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marginal in some cases (Robbins et al. 1979). Yamamoto et al. (1979) 
encountered an error of +16 percent of the mean with heart rate 
measurements for estimation of energy expenditure of cattle. Indi-
vidual calibration of heart rate with oxygen consumption is required 
and this relationship can be disrupted by changes in cardiac stock 
volume or responses to emotional factors (Brockway 1978). The carbon 
dioxide entry rate technique (CERT) was first proposed by Young 
et al. (1969), and has been touted as the possible savior for 
energy expenditure measurements with the grazing ruminant (Rrockway 
1978, Webster 1972). This method requires closer examination. 
CERT is based on the theory and assumptions of isotope dilution, 
a familar concept in the biological literature. The isotope dilution 
method has been applied to determinations of several different 
metabolic components of monogastric and ruminant metabolism. Baker 
14 
et al. (1954) infused C-glucose into male human suh _iec:ts in an 
effort to quantify glucose metabolism. Lifson e t al. (]955) 
measured the volume and turnover rate of the glucose pool in dogs 
14 by intravenous injection of C-glucose. Acetate utilization in 
the ruminant was examined by Essig et al. (1961) through -infusion 
of 14 c-acetate. 
Lifson and McClintock (1966) analyzed the theory behind isotope 
diultion. Though their review is specific to the use of body 
water turnover measurements for determination of energy and ma-
terial balance, this treatise provides good insight into use of the 
isotope dilution method. The assumptions listed by these authors 
are basically four: 
1. The study subject is in a steady state with an overall 
:onstant composition of body solids. 
2. Input and output rates of the measured metabolic component 
1re constant during the period of study. 
3. The volume of the infused isotope is directly related to 
t he total body volume of the measured metabolic component. 
4. The specific activity of the extracted metabolic component 
is related to the output rate of that metabolic component from the 
)Ody pool within the study subject. 
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Given these assumptions, Steele e t al. (1956) describ e d a mathe-
natical treatment of isotope dilution. These authors wer e exa mining 
: he size of the glucose pool in dogs and th e inflow-outflow rate of 
:a rbon from this pool. Calculation of th e g lucose rool volume and 
i ts turnover rate is shown in equation L, 
(1) 
~he r e : Sat= specific activity of the extracted metaboli c com ponent 
: mci/unit time) at time t; t = time from initial injection of th e 
i sotope; F = constant infusion rat e (mCi/unit time); r. = turnover 
-ate of the examined metabolic component (unit weight or volume/ 
mit time); _ P = single injection rate (mCi); C = bod y pool volume of 
:he metabolic component. 
The presence of the F and P variables in the equation allows 
=or calculation of G and C when a priming dose of isotope is injected 
ind then followed by constant infusion of that isotop e . A portion 
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of later work with CERT was devoted to testing the suitability of 
either For P equalling zero (White and Leng 1968). These authors 
concluded that the condition P=O was more favorable than F=O. Equa-
tion 2 is derived from equation 1 when P=O. 
= .I(l-e -Gt/ c) 
G 
(2) 
Solving for G (the turnover rate) provides the following equation: 
G F 
SAt(@ t = equilibrium) 
(3) 
Data by Steele et al. (1956), Annison and Lindsay (1%1) and Whitelaw 
et al. (1972) support the relationship shown in equation 3. It 
should be noted that the calculation of CO2 entry rate us ed by Young 
a nd Corbett (1968) was by the use of equation J . It s hould also be 
noted that eigh t hours of infusion of NaH14 co 3 into the ruminant CO2 
body pool are required for th e SA to equilibrate (1·/hi teLI\.J ] 974) . 
Therefore, by constant infusion (F) of 14co 2 in to tlw ruminant and 
subsequent determination of the specific activity of the lL, CO- body L 
pool after equilibratio n of th e 14c;12c ratio has been rc.1chcd, the 
turnover (G) of CO
2 
within th e anima l can be determi.ncd. Cl".R.T is 
based on th e hypothesis that th e turnover rate of CO2 wi.Jl provide 
an estimate of energy expenditure (Whitelaw et al. 1972), and 
changes in turnover, or entry, rate are principally due to variation 
in rate of endogenous production of CO2 by the animal as determined 
by its physiological activities (Young et al. 1969). 
Several problems with the basic assumptions of isotope dilution 
as they apply to CERT have been suggested. Firstly, experiments by 
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Annison et al. (1967) indicated that the body pool of CO2 in the 
ruminant is a complex, multicompartmental system. This suggested 
that equation 2 (Steele et al.) was insufficient. However, Huber et al. 
(1965) have indicated that the basics of the technique lie in a 
measurement of the rate of respiratory CO2 elimination, i.e., 
measurement of only one compartment within the overall CO2 body 
pool. Thus, the single compartment mathematics seemed justified. 
Experiments by Young et al. (1969), \-Jhite and Leng (1968) and 
Whitelaw et al. (1972) have supported this one compartment approach 
even when examining the SA of compartments other than tile respira-
tory pool. 
Secondly, it has been shown that values of G tend to overestimate 
actual co2 production. \vhitelaw et al. (1972) reporteu a 'J. 7% over-
estimation. White and Leng (1968) reported a general overestimation, 
but also reported CERT was highly correlated with co 2 proclt1ction. 
This data has implied that either th e SAt equilibrium hns be e n 
diluted by unlabelled CO2 or that some of the infused 
14
c-!ICOJ lias not 
completely equilibrated with the CO2 body pool. ilonc has ,1 very 
slow carbon tunover rate (\-Jhitelaw 197L1), and \~hitela\v t't .il. (1972) 
have attributed their overestimation to this uncontrol l;ihlt ' factor. 
Thirdly, the direct use of an energetic value for the estimated 
-1 CO2 production (kcal·lC0 2 ) from an estimated respiratory quotient 
is hampered by the inability to determine the correct RQ value 
(Brockway and Whitelaw 1970). Though realistic estimates of RQ be-
tween O. 9 and 1. 0 would create a possible error of less than 10%, 
most investigators have established regression equations for re-
lating CERT measures with actual energy expenditures measured by 
more traditional indirect calorimetry techniques. Application of 
these regressions established for animals held indoors to CERT 
measures with free-ranging animals would not bias energy expenditure 
estimates, nor would a change in RQ values over the measurement 
period create a large bias in the estimates (Engels et al. 1976). 
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These regressions have varied depending on site of infusion of 
14
c-
HC03 and the CO2 body compartment sampled for SA. For example, Young 
and McEwan (1975) intraperitoneally infused NaH14 co3 into caribou and 
collected both expired gas and jugular blood for SA determinations . 
-1 The resulting regressions relating the co2 entry rate (mmoles·m ) 
-1 from blood and gas to the rates of energy expenditure (J·m ) are 
shown in equations 4 and 5, respectively. 
EE= 215 E¾lood + 1707 
EE 195 ER + 2239 gas 
(4) 
(5) 
Though the problem of the selection ofan appropriate RQ value is 
circ umvented by using an available regression, all authors caution 
the use of a particular regression only when subject animal, infusion 
site and sampled CO2 compartment are similar to the applied work. 
Fourthly, Brockway (1978) has set four requirements for 
any method forestimating energy exchange in free-ranging animals. 
These are that: (1) the method works well independent of the nature 
of the physiological stimulus to alteration of metabolic rate, . (2) 
energy expenditure be measureable over periods of one hour or less, 
(3) the required equipment be portable, sturdy and automatically 
operable, and (4) the technique provide an estimate of energy ex-
penditure within _±10 percent. CERT meets requirements 1 and 3, 
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and requirement 2 can be ignored for measurements of daily energy 
expenditure~ The persistent p~oblem has :he;en in satisfying requ1rement 4. 
Young et al. (1969) reported an error of _±20 percent. Values of +7 
percent (Whitelaw et al. 1972), +11 percent (Young 1970) and +12 per-
cent (Young and HcEwan 1975) have also been reported. The lowest 
variability of _±7 percent pertained to highly controlled studies 
while the _±11 percent and _±12 percent pertained to studies where 
animals were unrestrained. It becomes apparent that the variability 
of the CO2 entry rate estimation of energy ex penditure, even wh e n 
the method was conducted by experienced researchers, has not met the 
r eq uirements for acceptability set forth by Brockwa y (1978). 
HETHOD0L0GY 
Introduction 
This experiment was designed to determine the energy expendi-
ture of heifers grazing variable amounts of available forage. In 
addition, it was designed to determine the difference in energy 
expenditure between heifers grazing on a free-ranging condition and 
stall-fed heifers consuming a diet similar in quantity .:ind quality. 
Field Study, 1979 
The field study was conducted at the Tintic Range Re-
search Station locat ed 13 kilometers sout h of EureL1, .lun h County, 
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Utah. This was an area designed for cooperativL· n·sL·ilrch . involving 
the Bureau of Land Management, the Utah t\gt·icultur;il J·::--pt'1- ime nt 
Station and the Department of Range Science, Utah State• University . 
This study was funded by Project 764 of the Ut;i!i /\gricultural Experi-
ment Station. 
The field research was conducted o n pasturl'], Li1l' southern-
mos t pas tur e of this 24-pasture area . This 2C- :1;1 past · un·, repre-
se ntative of a semidesert loam range si t e. was h11rnl'd to remove its 
100 percent sagebrush (Artemisia trid entat~) cover .1ncl driJ led with cres-
ted wheatgrass (Agropyrof!_ eris tat um) in September, ] <JL19. The grazing use 
of this pasture over the past 30 years has been variable, but the stand 
of crested wheatgrass has remained productive. Located at an ele-
vation of approximately 1600 m, the study area is typical of the 
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foothill areas of the Great Basin. Average annual precipitation 
is approximately 330 mm (Rodgers 1979) with 30 percent as snow during 
the winter months and the remainder as rain spread erratically 
throughout the spring, summer and fall seasons. Average tempera-
ture range from 21.3¢C during July to -3.2°C durin g January. Pre-
cipitation and temperature data recorded at the site during the 
study period are presented in Table 11 of the Appendix. 
In March, 1979, t en yea rling Angus heifers were purchased from 
a Juab County rancher. These animals were transport ed to holding 
facilities at Utah State University where th ey were halter-broken, 
tamed and trained to wear the necessary equipment. Four of the 
animals were selected for energy expenditure esti matio n s, four 
were selec ted for total fecal output collections, and an esophageal 
fistula was established in each of th e two remaining animals for 
collection of extrusa for chemica l analysis. 
During the first week of June, 1979, these a n imals were placed 
on pasture 1 of Tintic where they grazed for three weeks prior to the 
start of the study. On June 27 the 10 animals were weighed and the 
first of five trial periods began. The other four periods began on 
July 18, August 1, August 15 and August 29, respectively. F,ach trial 
period lasted 10 days. During the interim of tri als 1 and 2 (an 11-
day period) the animals remained alone on pasture 1. During th e re-
maining three trial interims (each of four days, 30 additional year-
lings were placed in pasture 1 to reduce the level s of avai lable forage. 
Energy expenditure 
Field methodology. The apparatus used for estimation of 
energy expenditure from carbon dioxide entr y rates follows that 
described b y Young (1970). 
A 500 ml plastic bottle was attach e d to the solenoid unit of 
a Harvar~/ infusion pump, and the bottle and pump were fastened 
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to the inside of a 225 mm x 325 mm x 100 mm aluminum box. One-
hundred fifty ml of sterile saline (0.9 percent (w/v) NaCl and 0.1 
percent (w/v) (NaHC0 3) was added to th e container. Ten ml of this 
solution was removed and stored for lat e r determination of specific 
activity. 
-1 
The saline solution contained approximately 600 nCi·m 
The infusion rate of 14 c-HCO- was approximate l y 50 nCi-min-l 3 
This rate was less than the rate of 200 nCi-min-l reported by Young 
(1970). 14 -The amount of C-HC0 3 used during th e field study was 
limited to 10 mCi by regulation by the Nuclear Regulatory Agency . 
This amount of radioisotope restricted the 40 attempted infusions 
to this lower rate. The coefficient of variation of the pump's 
delivery rates averaged 5 percent. 
This unit was enclosed and placed in a canvas pouch fastened 
to a harness strappel around the animal's withers. A 305 mm x 9.5 mm 
surgical tube was attached to the pump outlet and connec ted to a 50 
mm teflon intravenous catheter that had been placed subcutaneously 
in the animal's right shoulder. Surgical tape was wrapped around 
1/ 
- Harvard Apparatus Company, Inc., 150 Dover Road, Mills, Massa-
chusetts 02054. 
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the protruding head of this catheter and stitched to the skin to 
keep the catheter in place. In addition, a filter holder containing 
a 0.2 mm pore size, 13 mm diameter membrane filter was attached in 
line to filter bacteria from the infusate. Once connected and in 
place this assembly was not disturbed for 24 hours. 
A canvas pouch on the left side of this harness held a custom 
designed extraction pump which automatically and mechanically with-
drew a fluid sample of 0.5 to 1.0 ml every 10 minutes for the last 
12 hours of the 24-hour period that NaH14 co3 was infused. This ex-
traction process began automatically. 
The fluid sample was originally to be saliva drawn through a 
catheter attached to a duct of the parotid salivary glanrl of the left 
cheek. Research has indicated that saliva is the most suitable of 
the co
2 
body compartments for CERT measurements (Whitelaw ct al. 
1972). Though information i s available outlining this surgical pro-
cedure (Hecker 1974, Stewart and Stewart 1961), implantation of a 
french size (=1.6 mm ID) 560 mm po -lypropylene cathet e r provided un-
successful and was abandoned. Of the remaining two potentially 
collectable fluids, blood and urine, th e latter ha s proved to be a 
more reliable indicator of CO~ entry rates (Whitelaw et al. 1972) 
and urine collections were made. 
A 24 to 30 fren ch size foley balloon cathe t er (30 cc or 75 cc 
balloon, either can be used) was inserted into th e urethra and in-
flated with an injection of sterile saline. The catheter outlet was 
attached to 6 mm (outside diameter) surgical tubing fastened to a 
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crop strap attached to the wither harness. The tubing was connected 
to a 3 cc syringe fastened below the extraction pump canvas pocket. 
The syringe, equipped with an overflow outlet, served as a reservoir 
for urine collection. All urine flowed through this assembly and 
each micturition replaced the urine held within the reservoir. 
Tubing (1.6 mm O.D.) attached to the extraction pump syringe was 
positioned within the reservoir. This tube provided access to the 
intermittent urine flow for collection of a sample for determination 
of specific activity. It was important that the urin e sampled be a 
composite sample. Whitelaw et al. (1972) have shown that hourl y 
urine samples have four times the variability in specific activity 
found in composite urine samples. 
A few grains of Cuso 4 were placed in the ext r ac tion pump syri n ge 
as a sterilant. This assembly was connected to the anim al with the 
14 -
start of infusion of C-HC03 . Following the 24-hour infusion period 
all catheters and pumps were remov ed . The urine samples wer e stored 
at 6~C for later laboratory analysis. 
14 -The use of the C-Hco 3 was governed by application to the USU 
Radiation Safety Committee. Ths app lic ation required a n amendment 
to the general USU radioisotope license allowing off-campus use of a 
radioisotope. This amendment was approved following application to 
the Nuclear Regulator y Agency, Washington, D.C. All applications re-
. 14 14 quested the use of 10 mCi of C (as NaH co 3), an amount deemed safe 
for the facilities used in this experiment. Following the completion of 
this experiment all animals infused with 14 c-Hco; were treated as 
radioactive waste and destroyed and buried on the site of tile experiment. 
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Laboratory analysis 
The procedure described here followed methods outlined by 
Annison and Lindsay (1961) and Leng and Leonard (1965). All chemi-
cals listed below were prepared with co 2-free water (A.O .A.C . 1970). 
Urine samples were thoroughly mixed and 2 ml were added to a 
custom designed warburg flask, i.e., a 125 erlenmeyer flask fitted 
with removable center well. Use of sample sizes > 2 ml prevented 
the appropriate pH changes required for wet oxidation. One ml of lN 
NaOH was added to the center well and the flasks were covered with 
rubber caps. The use of argon gas to flush th e ves se l of atmospheric 
co 2 prior to capping proved unnecessary. With a s yringe 1 ml of 
lN tt2so 4 (with 1.0 percent w/v Cuso 4 ) was inj ected into th e flask. 
Care was taken not to contaminate the NaOH with H2so 4 . I f this 
eve nt occurred the reaction was t e rminated and re s tart ed . The 
ve sse ls were th en left undisturb ed for 24 hour s . All sa mpl es wer e 
run in triplicate. 
At the end of this period the flasks wer e uncapp ed and 0.5 ml 
of 20 percent (w/v) BaC12 ·2H2o was added to th e cent e r we ll. This 
was followed by the addition of 1 ml of 5 pe r ce nt (w/v) NH4Cl and 
the white precipitate was wash ed from th e we ll into 15 ml gl ass 
c entrifuge tubes. The suspension (Baco 3) was centrifug ed for 5 
minutes at 1000 g. The supernate was then poured off and th e preci-
pitate was washed with acetone onto 2" glass plates. This slurry 
was placed in an oven at 105°C for 45 ~~nutes or until dry. 
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The dried precipitate was scraped into a fine powder and weighed 
in tared 20 ml plastic scintillation vials. Dry weights of 30 mg 
Baco 3 were typically encountered but weights ranged from 15 mg-90 mg. 
Weights of Baco 3 less than 15 mg proved inadequate for liquid 
scintillation procedures and were discarded. 
The solid was suspended in 10 ml of a scintillation cocktail of 
4.0 percent (w/v) (cab-o-sil) and 0.3 percent (w/v) PPO in toluene. 
Vials were shaken and then transferred to a liquid scintillation coun-
ter. Disintegrations per minute were determined following a 60-minute 
period where vials were kept in th e dark. This precount p e riod 
provided background radiation readings of 200-250 cpm, a n ec essary 
prerequisite for counting samples of low specific activity. Counting 
times were ten minutes and all sampl es were c ounted twi ce i n a 24-
hour period. A counting period long e r than 24 hours r e sul te d in se ttling 
of the precipitat e . The counting d e vi ce u se d a n ext e rn a l s t a nd a rd 
and counting efficiencies of 90 perc e nt or gr ea t e r whe r e ex pec t e d 
(Packard 1978). One ml samples of th e stored infus a t e s olut io n were 
added directly to th e scintillation c oc ktail and the s pec i f i c ac tivity 
wa s determined as describ e d above. 
-1 -1 
Results were expressed as dpm-mg Bac o 3 a nd conv e rt e d t o n Ci·g 
CO2 carbon. The averages of each of the thr e e s ubsampl es were u se d 
-1 
to compute CO2 entry rates with units of gco 2 carbon•m Entry 
rate values were converted directly to estimates of energy expendi-
-1 
ture (kcal·m ) using Young's (1970) regression: 
EE= 1.018 + 5.178 ER. (4) 
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This equation was chosen because, though Young (1970) infused 14C-
Hco3 introperitoneally, the collection fluid, the subject animal 
and the general methods of the research approximated Young's (1970) 
work to a greater degree than any other research encountered in the 
literature. The metabolic body weight of each animal was then used to 
. f d . . . f ' 1 BW-• 7 S d- l express estimates o energy expen iture in units o Kca · · . 
Intake 
The e quation: 
Total fecal organic matter output 
Organic Matter Intake= 1 - organic matter digestion c oe ffi c ient 
was used to estimate the forage intake of the experimental heifers. 
Fecal production was determined from total fecal c ollection s . Four 
animals were harne s sed with fecal bags for a 96-hour p e riod during 
each trial. This equipment was similar to that su gges t e d by Kartchn e r 
a nd Ritt enhou s e (1979). Fecal bag s wer e weigh e d, empt ie d into pl as ti c 
tubs, c l e aned, relined with plastic bags, and re a tt ac he d to th e a nimal 
every 12 hours during the collection period. Followin g e a c h 12-hour 
collection the individual fecal samples were throu ghly mi xe d with a 
beater attached to an electric drill and sampled for dr y matt e r and 
organic matter determinations. Th e s e 100 g al i quot s we r e f roz e n im-
mediately, dried at 105°C for 96 hours at a later dat e , a nd then 
ashed at 500°C for 3 hours according to A.O.A.C. (1970) pro c edures. 
Tilley and Terry (1963) oulined procedures used in determining 
the organic matter digestion coeffici e nt. Samples analyzed were 
extrusa collected from esophageal fistulated animals (see METHODOLOGY-
Diet quality for sampling procedures). Residual matter for each 
sample, analyzed in triplicate, was ashed to determine residual or-
ganic matter. In vitro organic matter digestibility coefficient 
(IVOMD) was calculated as in vitro dry matter digestibility with 
organic matter fractions replacing dry matter fractions. 
Diet quality 
Diet quality measurements (IVOHD and crude protein) were made 
on extrusa samples collected from esophageal fistul ated h eifers. 
The fistulation procedure and developm e nt of custom-designed 
cannulae for the two Angus heifers used in this study were described 
by Van Dyne and Torrel (1964). The heifers were fistulated in 
April, 1979, and remained with the other eight animals throughout 
the study. 
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For sampling the fistulated animals were penned overnir,ht to 
minimize contamination of samples by regurgitation of pr evio usly 
grazed forage. Forty-five minutes were a llowed for each sample col-
lection and animals were allowed total freedom of movement during 
this period. Extrusa collections were made once during each trial on 
Day 1. Collection bags were canvas with a screen bottom thnt al-
lowed for saliva drainage. Following these morning collections 
samples were immediately frozen. The extrusa samples were freeze-
dried at a later date, ground through a Wiley Mill (equipp e d with a 
1 mm screen) and stored for chemical analyses. 
Dry matter, ash and IVOMD analyses followed pro ced ures outlined 
above. Nitrogen (macro-Kjeldahl) analysis followed A.0.A.C. (1970) 
procedures. Crude protein was calculated as a function of nitrogen 
content (6.25 x N). Duplicate samples were analyzed for dry matt~r, 
ash and nitrogen constituents. 
Forage availability 
A . 1 1 1 0 2 · d 1 h · 1 bl circu ar pot . m in area was use to samp et e avai a e 
forage during each trial. The ocular-weight estimate method des-
cribed by Pechanec and Pickford (1937), refined by Wilm et al. 
(1944) and discussed by the Sub-committee on Range Research Methods 
(1967), was used to determine levels of available forage. Stein's 
two stage sample formula (Steel and Torrie 1960) was used to deter-
mine the sample size required for a 90 percent confidence interval 
-1 
of not more than 100 kg-ha A sample size of 40 plots was de-
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termined. Twenty of the 40 randomly located and ocularly estimated 
plots were clipped, weighed, dried at 60°C for 48 hours and reweighed. 
Twenty cages were randomly distributed throughout the pasture prior to 
initiation of grazing for determination of total forage production. 
2 A 1.0 m area within these 20 cages was clipped, weighed, dried at 
60°C for 48 hours and reweighed during the last two days of trial 5. 
An additional 20 cages were distributed and a 1.0 m2 area was c lipped 
from each cage at the beginning of each trial to provide a means for 
estimating forage regrowth occurring during each trial. 
Following the reweighing, four samples were randomly selected 
from the 20 clipped samples of each vegetation sampling. These forage 
samples were ground, stored and later analyzed for dry matter, ash, 
IVOMD and nitrogen as previously described. 
Laboratory ;;tud:,, 1980 
This study was conducted at the Utah State University Creen 
Canyon Ecology Center located three miles north of the USU campus. 
Four yearling Angus heifers, similar to those used in 1979, were 
purchased in March, 1980, from the same source used the previous 
year. These animals were transported to handling facilities at the 
Ecology Center where they were halter-broken, tamed and trained 
to wear the necessary equipment. Four large-animal metabolism 
stalls were assembled following in ge n e ral the desi gn of Bree n a nd 
Siebert (1974). 
During early July crested wheatgrass was cut and baled from a 
14 ha area on the Utah Agricultural Experiment Station Nephi Field 
Station facility located 5 kilometers south of Nephi and 75 !~ilo-
meters east of the Tintic Experimental Research Station. Forty-five 
hundred kg of this baled hay was selected a nd tr ansported to the 
Ecology Center facility. By late July all animals were consuming 
5 0 6 0 · b · - . 7 5 d- l f h . I I . 1 - g organic matter asis-BW · o tis 1ay as t1eir so e 
feed source. In mid-August th e animals were placed in the metabolism 
stalls housed in a basement of a building on th e Green Canyon Com-
pound. As suggested by Schneider and Flatt (1975), a ten day pre-
liminary trial was conducted. The animals were fed th e crested 
- 75 -1 
wheatgrass hay at a level of 55.4 g OM·BW · ·d in e qu a lly pro-
portioned, twice daily feedings. This level of intake was similar 
to that determined during the 1979 field season. Orts and waste 
feed, which were usually less than 100 g, were collected befo re each 
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feeding, weighed and refed. Total fecal collections were made in 
galvanized oval tubs placed under the rear of each stall. Fecal 
flaps described by Kartchner and Rittenhouse (1979) were attached 
to the hiefers to facilitate feces placement in the tubs. Feces 
were weighed in these tared tubs following each feeding, transferred 
to plastic tubs, and the cleaned oval tubs were replaced underneath 
the stalls. The collected fecal material was mixed, sampled, stored 
and analyzed with the same procedure as described for the 1979 field 
season. 
Foley balloon catheters (24 french size (3.8 mm), 30 cc balloon) 
were inserted into the urethra, inflated with sterile saline and 
connected to 6 mm O.D. surgical tubing fastened to a c rop strap. 
This tubing was connected to a 19 liter plastic container for total 
urine collection. The Foley catheters remained in place throu ghout 
the trial. 
Energy expenditure 
CERT methodology was followed as outlined previou sly (p . 29) with 
three alterations. First, the infusion r ate was doubled to 100 nCi· 
-1 
m Second, the use of extraction pumps for urine collec tion was 
omitted. Though urine was periodically sampled over th e 24-hour 
infusion period in order to quantify the time-related increase in 
specific activity, pooled urine samples from the last twelve hours 
of infusion were used for calculation of CO2 entry rates. Third, 
infusate tended to pool at the site of infusion, a problem discussed 
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by others (Whitelaw et al. 1972) but which had not been encountered 
during the 1979 field season. The use of a 16 ga 127 mm teflon 
catheter during these stall trials alleviated this problem. 
CERT measurements were conducted five times with each animal. 
Three of these measurements were conducted during the 10-day diges-
tion balance trial described below, and used as an estimation of 
maintenance energy expenditure. The other two were conducted after 
48 hour fasting periods, one following the preliminary trial and 
the other following the digestion balance trial. This postabsorp-
tive state, combined with the thermoneutral environment and restrain-
ing stanchion provided the necessary conditions for estimation of 
fasting energy expenditure (Blaxter 1962). 
Energy, nitrogen and organic matter balances 
The balance trial was begun four days after completion of the 
preliminary trial. Body weights used to determine the appropriate 
feeding level for each animal were an avera~~ cf weighings taken 
12 days apar t, and each taken following a 16-hour fast. Feeding 
schedules and methods as well as fecal col l ec tion methods were the 
same as described above. In addition, a 5 percent aliquot of each 
fresh fecal sample was collected from each weighing a nd stored 
fresh in a plastic-lined container for nitrogen determinations 
(A.O.A.C. 1970). Feces were sprayed with ethyl alcohol as a pre-
servative (Schneider and Flatt 1975). Subsamples of these com-
posite samples were freeze-dried and analyzed for gross energy as 
determined by adiabatic bomb calorimetry (Parr 1968). 
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During the balance trial urine output was gravemetrically and 
volumetrically measured following the morning feeding period. A 
10 percent aliquot from each weighting was composited over days and 
stored in glass bottles at 4°C. Urine was collected in 100 ml of 
50 percent (v/v HCI) (Egan and Ulyatt 1980), except when collecting 
uring for determination of specific activity. These accumulated 
aliquot samples were analyzed for nitrogen and gross energy as 
described above. 
Statistical Analysis 
The experimental desing for the study was nonreplicated and 
completely randomized (Steel and Torrie 1960). One-way analyses 
of variance tests were conducted for level of intake (OMI and 
COMI), forage availability, diet quality indices, body weight and 
body weight change measurements. Analyses which resulted in sig-
nificant F-statistics were tested for mean difference s using least 
significant difference statistics (LSD) (Steel and Torrie 1960). 
The chosen alpha level for determination of significance was 0.10. 
Confidence intervals were computed for estimates of energy expendi-
ture, using an alpha level of 0.10. 
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RESULTS 
It was the purpose of this study to estimate the energy ex-
pended by heifers while grazing crested wheatgrass rangeland and 
compare that to an estimate of the maintenance energy 
expenditure of heifers consuming a diet of similar quantity and 
quality. The main finding was that grazing heifers expended 161 
kcal·Bw-· 75 -d-l. This value was independent of the levels of 
-1 
available forage encountered during this study (from 880 kg DM·ha 
-1 
to 284 kg DM·ha ). 
Field Study 
Energy expenditure 
CERT measurements were conducted ten times with each animal, 
twi ce during each of the five trial s, for a total of 40 measurements. 
Seventy-five percent of these measurements failed to yield a urine 
sample for subsequent specific activity determination. Over one-
half of the failures could be attributed to malfunction of the ex -
traction pump. I was unable to rectify this problem. 
Other reasons for failure ~ere cat h eter expulsion, broken 
fluid tube connections, infusion pump failure and broken harnesses. 
Of the ten measurements which were successfuJ,two occurred 
during each trial, and for two trials the results came from the 
same animal. These results are shown in Table 4. The resulting 
confidence interval (P<O., 10) for the overall mean was 118-204 
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Table 4. The estimated daily energy expenditure (kcal·Bw-· 75 -d-l) 
of heifers grazing cr~sted ~heatgrass in 1979. 
Trial ti , Animal ti 
Collection ff 1 2 3 4 X 
1,1 94 170 
2 246 
2,1 186 180 
2 174 
3,1 222 155 
2 88 
4,1 132 
2 177 86 
5 ,1 64 170 
2 2 75 
overall X SD SE %CV1 CI 2 
161 74.2 23.5 46.0 +43 
1cv coefficient of variation 
2cr confidence interval@ P < 0.10 
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Intake 
The quantity of organic matter intake fluctuated over the grazing 
season. However, these differences were not consistent or signifi-
cant. When intake was expressed as digestible organic matter, the 
level of intake declined significantly during the fifth trial. These 
results are shown in Table 5 along with fecal output data. Feces 
averaged 18 percent DM and 75 percent OM across the five trials with 
no significant difference between trials. 
The overall mean of 54.5 gOM·BW-. 75 -d-l equals 4.5 (_±1.0) kg 
-1 DM·head·d for 305 kg animals and when diets are 88 percent organic 
matter. 
Intake is expressed as a function of body weight and both 
body weight and average daily cha n ge in body weight are presented in 
Table 6. Total body weights did not differ significantly across 
trials. However, the average daily chan ge in bod y weight during 
trial 4 was significantly lower than in the previous trial s . The 
anima ls were not weighed a t the completion of tri al 5 and an ave ra ge 
daily weight change was not available for that period. I 
feel that weight loss during tri al 5 was at least as high as during 
trial 4. 
Diet quality 
Indices of diet quality ( crude protein and IVOMD) for each trial 
are presented in Table 7. In addition, crude protein and IVOMD of 
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Table 5. Organic matter intake (OMI), digestible organic matter 
1) intake (COMI), and fecal output (organic matter basis) (g·Bw-.75.d-
during the five trials of 1979. 
Trial LSD 
1 2 3 4 5 X statistic 
OMI 51. 8 57.6 58.6 55.1 49.2 54.5 NS2 
1 
16.9b DOMI 22.5a 23.8a 22. Lia 21.2a 21. 3 2.46 
fecal output 29.4 33.8 36.2 33.9 32.3 33.1 NS 
1 Means followed by a different lower case letter are significantly 
different at P<0.10 
2ANOVA F-statistic for treatment mean squares was nonsignificant 
Table 6. Body weights (kg) and the change in body weight (kg·d- 1) 
for each trial and during each of the first four trials, respec-
tively during _19_7_9_•----~~---------------------
Trial It LSD 
1 2 3 4 5 X statistic 
body weight 293 305 310 313 301 305 NS 
1 
-. 63b body weight +.57a +.43a +.18a +.14 0. 41 
change 
1Means followed by a different lower case letter are significantly 
different at P<0.10. 
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Table 7. In vitro organic matter digestibility (%, IVOMD) and crude 
protein (CP as% of organic matter basis) of available forage and the 
IVOMD, crude protein and crude protein intake (gCP·d- 1) of cattle 
diets for five.trial periods, 1979. 
ol. --, 2/1 n/ - SJ. 
1 1 ''r Trial IY::, 2q LSD 
---------=l ___ _:._2 __ --=3 ____ 4 ___ -=..5 ___ ~x _ _:._s_t_a_tistic 
1 
forage IVOMD 45. 7a 43.lab 40.3b 40.0b 35.3c 41.6 2.8 
diet IVOMD 43.3a 41.3ab 38.3bc 38.4bc 34.3c 39.1 3.3 
forage CP 5.6a 4.3b 3.4c 3.5c 3.6c 4.1 0.6 
diet CP 7.3 6.1 5.9 5.8 5.7 6.2 NS 
CP intake 275 256 259 241 212 249 NS 
1 Means followed by a different lower case letter are significantly 
different at P<0.10 
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the available forage are also presented in this table. Forage and 
dietary IVOMD and forage crude protein declined as forage matured, 
though crude protein content stabilized in August during trials 3, 
4 and 5. Dietary crude protein content declined, though nonsigni-
fican tly, yet remained above the highest value of forage c-rude pro-
tein content during all five trials. 
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As IVOMD percentages were combined with intake data to calculate 
DOMI levels, intake levels (0MB) were combined with . dietary crude 
protein content to provide data on crude protein intake (gCP·c- 1 ). 
This information is also shown in Table 7, though there were no 
significant differences between trial means. The NRC (1976) recom-
mendations for daily crude protein intake by 300 kg heifers is 
400 g. 
Available forage 
The levels of avai lable forage declined as the study progressed 
as shown in Table 8. No measureable forage regrowth occurred during 
the 1979 field season. Total forage production yield was 870 
-1 kg·DM·ha The phenological stage of crested wheatgrass during 
each trial is list ed below the respective value for quantity of 
available forage (Provenza 1980). 
The decline in available forage was from forage removal by 
grazing. Assuming these heifers were equivalent to 0.75 animal unit 
-1 Table 8. Levels of available forage (kgDM·ha ) and the representa-
tive phenological stage occurring during the five trial periods, 
1979. 
Trial II LSD 
1 2 3 4 5 X statistic 
2 1 76i 389cd 284d available forage 880a 481c 559 90.4 
phenological stage head head hard hard hard 
seed seed seed 
1Means followed by a different lower case letter are significantly 
different at P(0.10. 
2 Provenza (1980) 
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months, the stocking rate for pasture 1 during this study was 
-1 -1 
approximately 1 . 7 AUM•ha (1.5 ac•AUM ). 
Laboratory Study 
Energy expenditure 
The laboratory study provided estimations of maintenance and 
fasting energy expenditure. These estimates and associated statis-
tics are shown in Table 9. These estimates were not significantly 
different and were combined to provide an overall estimate of 
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- 75 -1 
maintenance energy expenditure of 110 kcal·BW · ·d . Accumulation 
of infusate at the site of infusion caused a reduction in sample 
size from 8 to 4 for the basal estimates and from 12 to 10 for the 
maintenance estimates. 
Figure 1 shows the increase in urine specific activity with 
time after infusion initiation for two se l ected examples. The two 
infusion rates, 110.1 nCi·min-1 and 40.6 nCi·min- 1 , were from measures 
of maintenan ce and fasting metabolism, respectively. The time 
sequence for the higher infusion rate shows the depression in urine 
s p ecific activity following the feeding of the subject at 600 minutes 
and the variation between the non-pooled urine samples of 1300 minutes 
and 1400 minutes. The lower infusion rate was utilized only to pro-
vide information on the CO2 dynamics of the infusions conducted during 
1979. Analysis of this time sequence for all fourteen 14 c-Hco; infusions 
indicated that the infused 14 c-Hco; reached equilibrium with the CO2 body 
pool between 700 and 970 minutes after infusion initiation. The co-
efficient of variation for specific activity among urine samples 
so 
Table 9. The estimates of fasting and maintenance energy expenditure 
(kcal·BW-.75.d- 1) of stall-fed heifers consuming 53.7 g OM of cres-
ted wheatgrass hay•BW~·7s.d-1. 
X SD1 SE 2 %CV3 cr4 n 
-- --
fasting 105 21. 7 10.9 20.6 25.7 4 
maintenance 111 22.1 7. 0 19.8 12.6 10 
combined 110 21.3 5. 7 19.5 10.1 . 14 
1 
standard deviation 
2 
standard e rror 
3
coefficient of variation 
4
confidence interval at P<0.10 
160 
120 
urine specific 
activity (nCi· 
-1 g co2 carbon) 80 
............... -
-1 Infusion Rate =110.1 nCi·min 
Infusion Rate= 40.6 nCi•min-l 
------
Figure 1. 
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200 400 600 800 1000 1200 
time (m) 
14 Specific activity of carbon in uri:1e: co2 following continuous infusion of NaH co3
. 
1400 
collected at a single point in time (as contrasted to pooled sam-
ples) was 21 percent. 
Organic matter, nitrogen and energy balances 
Table 10 presents the data on organic matter, nitrogen and 
energy balances from this laboratory study. 'The in vivo organic 
matter (OM digestibility of 50.3 percent has a confidence interval 
(P~0.10) of 47.4 to 53.2 percent. The inclusion of the OM balance 
data from the 10 day preliminary trial reduced this interval to 
49.1 to 54.3 percent for a mean in vivo digestibility of 51.2 per-
cent. Estimates of in vitro organic watter digestibility were 51.0 
percent and 47.2 percent when rumen innoculum sources were taken 
from cattle consuming diets of 100 percent alfalfa and 100 percent 
crested wheatgrass hay, respectively. 
Feces averaged 25 percent dry matter (DM) and 89 percent OM 
for individually analyzed samples collected twice daily. Feces 
averaged 25 percent DM and 90 percent OM for fecal composite sam-
ples from daily 10 percent aliquots. 
Nitrogen retention data indicated an apparent negative balance. 
The crude protein content of the hay was 5 .1 percent (OHB) and of the 
28.3 g N fed daily, nearly 50 percent was excreted in the urine. 
Fecal losses were 75 percent of the intake level, a value 7 percent 
higher than estimated metabolic fecal losses (MFN) of 19.2 gN·d-l 
assuming MFN losses of 0.48 gN•lOO g-l DM intake (McDonald et al. 
1973). The resulting confidence interval of nitrogen retension was 
-8.3 to -4.3 gN·d -1 
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- 75 -1 -1 Table 10. Organic matter (g·BW · · d ) , nitrogen (g· d ) , and 
energy (kcal·d-1) balances of stall-fed heifers consuming 
crested wheatgrass hay. 
intake 
fecal losses 
urine losses 
methane losses 
heat inc re men t 
balance 
confidence 
interval 
(P~O. 10) 
Organic 
matter 
53. 7 
26. 7 
+27.0 
(50. 3% digestibl e) 
+l. 2 
Nitrogen 
28.3 
21.1 
13.5 
-6.3 
+7 . 0 
Energy 
145 82 
8678 (-60 %) 
524 (-3.5 %) 
847 1 (-5. 8%) 
2990 2 (-2U) 
+16 3J (11. a;:, of GE) 
+70 8 
1Estimate d from th e equation of Blaxter and Clapperton (1965): 
CH4 (kcal·l00 kcal-l fed) = 1.30 + 0.1120 - (2.37 -0.05D) 
whe r e : D = % digestibility of di e tar y energy (=40 %). 
2Based o~ Cook (1970) where HI= 450 kcal·lb-lDM f e d (=0.87 kcal· 
g- 10MI). 
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Calculation of energy balance required estimation of methane 
and heat increment losses as indicated in the footnotes in Table 10. 
The resulting energy balance of +1633 kcal·d-l had a confidence in-
terval of +925 to +2341. This would imply a deficiency in energy 
intake as this slightly positive balance (synonymous with NEm) 
would be insufficient to meet the basal energy demands of the re-
strained animal. 
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DISCUSSION 
Energy Expenditure 
The energy expended by heifers grazing crested wheatgrass range-
- 75 -1 land was estimated at 161 (±_43) kcal·BW · ·d . Thus, the 305 kg 
-1 heifers expended 11.75 Mcal·d This estimated level of energy ex-
penditure was independent of levels of available forage which ranged 
from 294 to 88(kg DM•ha -l, and the hypothesis of this study was rejected. 
The estimated fasting metabolism as 105 kcal·Bw-· 75 -d- 1 , a value 
higher than that reported by Brody (1945) but the same as that repor-
ted by Webster et al. (1974) . In fact, Webster et al. (1974) 
recommended that this value should be used for estimating fasting 
metabolism and that direct measurement of this parameter, for any 
body weight or previous level of feed intake was not necessary. 
The maintenance level of energy expenditure was estimated as 111 
kcal·Bw-· 75 -d-l .and was not significantly different from the esti-
mated value for fasting metabolism. This was not unexpected s ince 
maintenance measurements were conducted with restrained animals and 
the only increase in heat production above fasting would be factors 
associated with energy losses attributable to feed ingestion. 
Blaxter (1962) has indicated this additional loss would be approxi-
- 75 -1 
mately 5 kcal·BW · ·d Additionally, the two hours of eating 
dail y the the restrained heifers would represent an additional energetic 
-.75 -1 
cost . of 6.5 kcal·BW ·d . Fasting and maintenance estimates 
were combined to increase the number of observations and reduce the 
associated standard error, and this combination produced a mean of 
The estimated energy expenditure associated with free-roaming 
conditions was 45 percent higher than the estimated maintenance 
energy expenditure. This increase was less than the 60 percent 
suggested by Young (1970) or the 50 percent increase suggested by 
Wallace (1956) for cattle under free-ranging conditions. However, 
- 75 -1 
the 161 kcal·BW · ·d estimate was nearly equal to Young's (1970) 
estimate of 160 kcal·Ew-· 75 -d-l obtained using CERT measurements 
with three heifers grazing pastureland in Australia. The estimated 
45 percent increase falls within the range of values for sheep re-
ported by other workers as reviewed in Table 2. 
The estimated increase in energy expenditure could be attri-
buted to several factors. Graham (1964) determined the energetic 
-i -1 
cost of eating as 0.54 kcal·kgBW ·hr . Osuji (1974) used 0.45 
- 75 -1 kcal·kgBW · ·hr and estimated that increased time spent grazing 
by free-roaming sheep would increas e energy expenditure by 25 per-
cent above maintenance. Holmes et al. (1978) worked with calves 
-1 -1 
and estimated a range of 0.52 kcal to 0.82 kcal·kgBW ·hr for 
heat production of eating. Also, thes e authors reaffirmed the con-
clusion that the heat production associated with grazing is related 
to Bw1 · 0 . 0suji et al. (1975) reported that the energy cost of 
eating was more a function of time spent eating than the level of 
intake and their research reaffirmed Graham's (1964) earlier esti-
mate. Webster (1972) has reported a range of values similar to 
56 
Holmes et al. (1978), and has attributed this energetic cost to 
physiological changes that are apparent fifteen minutes after 
initiation of eating. These changes included increases in systolic 
blood pressure, h~art rate and plasma angiotensin due to release of 
renin and a decreased plasma volume. Additionally, Young 
-1 (1966) reported an eating energy cost of 0.32 to 0.74 kcal·kgBW 
hr-l with no difference between normal feeding and sham feeding 
where 77 percent of the intake was removed through an esophageal 
opening. Osuji (1974) has reaffirmed Webster's (1972) earlier obser-
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vations, but suggested that further research in this area is required. 
-1 - -1 
Using 0.82 kcal·BW ;hr , the upper limit reported by Holmes 
et al. (1978) and a value applicable to the grazing animal consuming 
a roughage diet, the energy expenditure associated with 9.2 hours 
of grazing would be 32 kcal-Bw-· 75 .[ 1 . The 9.2 hours of grazing 
time was derived from an average of 9.1 hours reported by Scarnecchia 
(1980), 8.4 hours reported by Nastis (1979), both from studies con-
ducted under similar conditions to that reported here, and the 10.0 
hours I determined from 24-hour observations conducted during trials 
1, 2 and 4. The combined average of 9.2 hours was within the range 
of grazing times reported by other investigators as cited by Arnold 
and Dudzinski (1978). 
This estimated energy expense would be 25 kcal-Bw-· 75 -d-l more 
than for a stall-fed animal spending two hours eating a similar 
quantity of feed. This then represented a 23 percent increase in 
energy expenditure above maintenance, or 50 percent of the total in-
crease attributed to free-ranging conditions. This increase was 
for the act of eating exclusive of the activities of walking 
and standing associated with grazing. 
Travel represents an energetic cost of free-roaming conditions 
and has been estimated b y several researchers. Graham (1964) 
-1 -1 
reported 0.60 kcal·kgBW ·km of travel. Malechek and Smith (1976) 
-1 -1 
used the value reported by Brody (1945) of 0.45 kcal·kgBW ·km . 
Osuji (1974) used 0.59, a compromise value that included considera-
tion of vertical as well as horizontal travel. Cook (1970) used 
-1 -1 
a range of 0.58 to 0. 78 kcal·kgBW ·km , a value suggested by 
Blaxter's (1962) comment that 0.1 kcal is required to move 100 lbs 
of liv e weight one vertical foot. Moen (1973) used 0.59 (horizon-
-1 -1 
tal) and 6.45 (vertical) kcal·kgBW · km , as r eported by Clapperton 
(1961), to calculate the e nerg e ti c cos t of travel by white-tailed 
deer. Using th e low er val ue suggested by Cook (1970) for travel on 
2 percent slopes the energetic cost of travel for these heifers 
was estimated as 9.5 kcal·Bw-· 75 ·d- 1 . This was calculated for an 
average daily distance traveled of 3.9 km. This value was an 
average of 5.4, 2.2 and 4.1 km recorded during th e 24 hour observa-
tion periods for trial 1, 2 and 4, respectively. This distance 
value was similar to others cited by Arnold and Dudzinski (1978) for 
cattle grazing small paddocks, but usually less than thos e values 
cited for cattle grazing pastures of 260 to 2000 ha. The estimated 
value of 9.5 kcal represented a 9 percent increase above maintenance 
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and was 20 percent of the observed increase due to free-ranging 
conditions. 
- 75 Vercoe (1973) indicated that standing expended 14 kcal·BW · 
-1 d more than lying, a value 2.5 kcal greater than reported by 
Clark et al. (1972). The reported time cost values for these two 
-1 
studies were 0.14 kcal and 0.12 kcal·kgBW ·hr, respectively, 
approximately one-third of the value reported by Graham (1964). The 
13.8 hours spent standing (a summation of observed times for grazing 
and standing idle) converts to an energetic cost of 7 to 20 kcal· 
- 75 -1 BW · ·d using the low and high values reported above. This range 
was regarded as indicative of only a small additional free-roaming 
expense since stall-fed animals spent 6 to 12 hours sta ndin g daily. 
Also, th e cost of position changes, at an energy expense of 0.6 kcal· 
kgBW-l per double change (Clark et al. 1972) was ignored. Addi·-
tionally, lying was treated as a non-energy demanding activity, 
though the 40 percent of the day the heifers spent lying was a 
relatively low value (Arnold and Dudzinski 197 8) and indicated a 
relatively high daily energy expenditure due to an energy demanding 
14.4 hours (60 percent) of activities each day. 
Other activity factors deserving mention are therrnoregulation 
and rumination. Though these two factors represented a portion 
of the daily energy expenditure, neither were expected to have had 
a quantifiable effect upon the free-roaming conditions of this 
study. As seen in Table 11 of the Appendix, the summer temperatures 
were within a range of 0°C to 35°C with most <laily temperatures bPtween 
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10°C to 30°C. McLean and Calvert (1977) reported no differences in 
mean rates of heat production for 15°C VS 35°C. Rogerson (1960) 
reported no differences in energy losses for cattle in respira-
tion chambers at ambient temperatures of 20°C, 30°C and 40°C. Young 
(1975) did report that housed animals moved outside and exposed to 
temperatures of 17°C and l2°C exhibited increases in heat produc-
tion of 18 percent and 37 percent, respectively. However, lower 
critical temperatures and lower increases in heat production result 
from temperature acc~imation (Young 1972). Interestin gly , Young 
and Christopherson (1974) indicated that th e major effect of cold is 
not through the increase in heat production for the maintenance of 
homeothermy, but th e reduction in feed digestibility caused by low 
temperatures and th e resulting increase in th e animal's maintenance 
requirements. Blaxter and Wainman ( 196 _1) indicated lower critical 
temperatur es of -1°C and 6°C for cattle gaini n g weight and at 
maintenance, respectively. Malechek and Smith (1976) cited Young 
(1971) in identifying the animal's minimum critical temperature as 
-14°C, a value well below thos e reported for this study. Extra-
polating from Young's (1972) work, the rangeland cattle used in this 
stud y could be considered as adapted to moderate temperatur es e n-
c ount ered during the stud y. 
No observations were made of the restrained cattle for time 
spent ruminating. From the three completed 24-hour observations con-
ducted during the field study, the study heifers spent 390 minutes daily 
ruminating. Graham (1964) has estimated the energetic cost of rumi-
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-1 -1 
nating ~t0.24kcal·kgBW ·hr , a value considerably higher than 
that implied by Osuji et al. (1975). Despite this discrepancy the 
contribution of rumination time to total daily energy expenditure 
is small. Using Graham's (1964) value results in an estimated ex-
- 75 -1 penditure of 6 kcal·BW · ·d . Though the third most time-consuming 
activity of these heifers, ruminating represents less than 4 percent 
of the daily energy expenditure, certainly a further indication of 
the energetic advantage of the ruminant digestive processes. The 
6.5 hours these heifers spent ruminating falls within the average 
range of 5 to 9 hours reported by Arnold and Dudzinski (1978). 
Since rumination time is a function of quantity and quality of feed, 
little difference in energetic cost for stall-fed animals would be 
expected. 
Though the energy balance data provided in Tabl e 10 could not 
be regarded as a product of a ~ on ven tinna l calorimetry measur ement, 
the infonnation does yield insight into energy loss es associated 
with metabolism of this feed. The gross energy of th e crested 
wheatgrass hay was 4232 cal·gOM, a value similar to the 4330 cal· 
gDM reported by Cook and Harris (1968), and within th e ge ne ral range 
for roughages outlined by Graham (1969). Apparent fecal energy 
losses were 60 percent of the gross intake, a value on the high end 
of the scale as indicated by Kromann (1973), but 15 percent higher 
' 
than expected for this feed from the infonnation provided by Cook 
and Harris (1968). 
The discrepancy with this earlier work was attributed to dif-
ferences in diet quality between diets selected by grazing animals 
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and diets consumed by stall-fed animals. The fact that grazing 
animals are selective and that this selection process results in a 
more nutritious diet is well-documented (Kothmann 1980). The stall-
fed animals in this laboratory study were fed whole plants and 
selection was not a component of intake. The 10 percent discrepancy 
between in vivo digestibility and DE is difficult to explain. Ty-
pically, digestibility and DE ;values differ by only a small percen-
tage (Moir 1961), and the reasons for this 10 percent differences are 
unknown. 
It should be noted that the data in Table 10 is for appar e nt 
digestible energy (DE) and differs from true DE due to presence of 
materials other than undigested food residues. 
Estimated methane losses were within th e rang e outlined by 
Kromann (1973) who indicated gaseou s loss e s of dige s tion, of which 
CH4 is a major component, would he b e tw ee n 5 perc e nt and 9 p e rc e nt 
of gross energ y . 
Street et al. (1963) have indicated urine energy los se s are 
related to urinary nitrogen percentage. Using their formula: 
Urinary Ener gy = 0.022 + 0.118 (% urinar y N) (kcal·ml- 1) 
-1 provided an estimate of urine energy losses of 659 kcal·d , 26 % 
greater than that observed. Additionally, using a similarly derived 
regression reported by Blaxter et al. (1966) provided an estimate 
35 percent lower than that observed. Obviously, these regressions 
are approximations and not universal in their application. 
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Following subtraction of the above losses from gross energy, the 
calculated metabolizable energy (ME) content of the hay was 1336 
-1 -1 
cal·g0H , considerably lower than the 2011 cal,gDM reported by Cook 
and Harris (1968). This difference was largely attributed to the 
larger fecal energy losses observed for this experiment since Cook 
and Harris (1968) reported an }fE value which was 83 percent of DE 
and this experiment provided an ME value which was 78 percent of DE. 
Blaxter (1962) indicated ME is generally 85 percent of DE. From 
this inform a tion it was estimated th at 1 kg DOMI of this hay pro-
vided 2. 7 kcal ME, a value much low er than the traditional conversion 
-1 factor of 4.0 kcal ME•kg DOMI (Lambourne and Reardon 1963). 
-1 Additionally, 2.7 kcal·kg DOMI was possibly higher than actua l 
since gaseous losses other than methane were not estimated. 
Assuming 2.7 Meal ME·kg DOMI-l remains constant during the later 
phenological stages of crested wheatgrass grow th, the ME intake of 
heifers during the first four trial s of the 1979 field season averaged 
-1 1 4.4 Mcal·d . This intake declin ed to 3.3 Meal ME·d- during the 
fifth trial. The NRC (1976) recommendation for maintenance of 
-1 300 kg heifers is 9. 3 Meal ME· d . 
Kromann (1973) indicated that heat increment lo sses would be 
10 to 40 percent of gross ener;;y. Included in this category 
were heat of fermentation losses and nutrient metabolism heat losses. 
The estimated losses of 21 percent due to the heat increment reduced 
the energy balance to near zero. It was apparent that as digesti-
bility and DE decrease with advancing maturity the constant daily 
energy expenditure of 11.6 Meal by the free-roaming 300 kg heifer 
cannot be satisfied unless daily intake levels are increased. 
Intake 
Van Dyne et al. (1980) have compiled a comprehensive litera-
ture review of studies of daily intake levels for several animal 
species when grazing different pl?nt communities and at different 
seasons of the year. For cattle, this review presented a range 
of daily intake levels from 1.1 to 2.6 percent of BW when grazing 
summer ranges. Raleigh and Lesperance (1972) have stated that 
intake varies between 1.5 and 2.5 percent of BW with 3 percent 
occurring under the best of conditions. Church and Pond (1974) 
indicated that intake was closely related to forage DE with dry 
matter intake of 1.0 to 1.5 percent of BW expected for forages with 
-1 DE of 1.76 to 1.98 kcal·g , a range which brackets the DE of the 
crested wheatgrass hay used in this study. Similar relationships 
have been reported by Blaxter et al. (1966) and Ammann et al. (1973). 
Nastis (1979) reported a dialy intake of 1.2 percent (0MB) of 
BW for heifers grazing crested wheatgrass rangeland during summer 
and fall seasons. This was similar to the daily intake level of 
1.3 percent (0MB) of BW determined during this study. In both of 
these latter studies the daily level of intake was independent of 
the amount of available forage. 
Recently, Milchunas et al. (1978) have condensed and summarized 
the literature concerning factors which regulate feed intake. Under 
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bulk limiting conditions, when digestibility of forage is less than 
52-66 percent (Conrad et al. 1964, Montgomery and Baumgardt 1965, 
Jones 1972) and meal size is not a function of energetic demands 
under physiological control (Balch and Campling 1962, Baile and 
Forbs 1974), these authors outline two categories of factors which 
regulate daily intake. These are fill and turnover time. Fill is 
controlled by gut capacity, seasonality, and palatability factors; 
factors which are a function of physiological characteristics of 
the animal species and environmental characteristics of the forage 
supply. Turnover time is a function of rate of digesta passag e 
and the rate of digestion, rates which are mostly a function of 
rumen structure and feed qualities. It is this latter category 
of turnover time that is pertinent to a discussion of th e short-
term control of the daily intake of the grazing rumrnant. 
Ellis (1978) has discussed the controlling factors of thi s 
latter category and has explained that the voluntary intake of 
roo rly di gestibl e f ora ge was limited by reti culorum en volur., e , th e 
volume occupied by forage residues undergoing digestion, and th e 
rates of chemical and physical processes which determin e th e turn-
over time of this volume. Further, he has formulated th a t: 
VI= UDMF x kp/[kp/(Kd+Kp)] (6) 
where: VI= daily voluntary intake (percent of BW); UDMF = undiges-
ted dry matter fill; kp = rate of digesta passage; kd = rate of 
digestion, and where UDMF = kp x undigested dry matter excretion. 
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This formulation of VI as a function of the rates of excre-
tion, digesta passage and digestibility has significance when dis-
cussing the factors controlling the VI of heifers grazing crested 
wheatgrass rangelands during summer months when forage digestibility 
is well below 66 percent. Data from this study and Nastis (1979) 
indicated that UDME remained constant throughout the grazing periods. 
-1 -1 These rates were 0.77 and 0.79 kg OM·l00 kg BW ·d for Nastis 
(1979) and this study, respectively. Conrad et al. (1964) have 
also reported constant UDME rates for dairy cattle consuming 
roughage diets of varying digestibility. If UDMF is also a con-
stant value, as indicated by Rice et al. (1974) (where UDMF 
0.145 kgBw· 75 ), then kp would also have had to remain constant 
throughout th e grazing period of this study. Thus, th e daily intake 
l evel of the free-roaming ruminant on summer ranges can be formulated 
a s : 
VI C/(1-kd) (7) 
whe re: C = a constant rate of UDME, or the kp for a known UDMF. 
Either constant can be de termined for a parti cular fora ge diet. 
Data presented by Meis sne r et al. (1979) support ed t he wor k of Ellis 
(1978). UDME can be determined by total fecal collections while 
kp and UDMF can be estimated using dilution theory as outlined by 
Ellis et al. (1977). For crested wheatgrass rangelands grazed by 
heifers during summer months UDME equals 0.78 and VI can be predic-
ted from estimates of dietary digestibility. However, the between 
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animal variability of C prevents VI from being directly propor-
tional to kd values. That is, the average C of 0. 78 has an experi-
mental range of +0.10 and this fluctuation will mask the effects of 
kd upon VI. · For example, VI dee reases from 1. 4 percent to 1. 2 per-
cent of BW for an average C of 0. 78 as kd declines from 0.45 to 
0.35. For a 300 kg heifer, this example represents an intake 
· - 75 -1 decline of 58 to 50 g•BW · ·d , with mean extremes which would 
not be significantly different because of the between animal 
variability of UD11E. Therefore, it can be concluded that the 
daily intake of heifers grazing summer ranges will fluctuate between 
1.0 percent and 1.6 percent of BW as a function of kd and the varia-
bility associated with estimation of daily rates of UDME, and that 
VI can be estimated by determining dietary kd and setting C = 0. 78. 
The findings of the study indicated th at the free-rangi11g ani-
mal had a daily intake of both metabolizab l e energy and crude pro-
tein during all trial periods of the 1979 field study that were 
below the NRC (1976) recommended levels. Yet, under these condi-
tions a weight loss was observed only during th e latt e r half of the 
field study. I can suggest several reasons for this apparen t contra-
diction: 
1. The NRC recommendations are inflated. The guidelines set 
by the NRC are not exact standards for all animals. The NRC 
tables are constructed for use in intensive animal production sys-
tems, and are probably excessive both in their recommendations and 
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in their application to the extensive production systems of the 
rangeland animal. 
2. The gravimetric determination of body weight did not accur-
ately reflect the nutritional status of the animal. Total body 
weight is a measurement which does not delineate between changes in 
body fat content, weight of reticule-rumen contents, or water reten-
tion. However, there were no observable circumstances during the 
study which would have suggested these types of changes occurring at 
different rates over the course of the field season. 
3. The metabolizable energy content of the grazing animal's 
diet was higher than that determined for crested wheatgrass hay. 
The ability of the free-ranging animal to select a diet may reduce 
the losses associated with calculation of metabolizable energy ob-
served with a stall-fed animal. This factor is plausible and may 
explain the discrepancy between the data reported in this study and 
that reported b y Cook and Harris (1968). Utilizing the me tabolizable 
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energy content of crested wheatgrass presented by these latter authors 
would increase the ME intake I reported by 50%. The ME intake 
-1 
would be 7.8 Mcal·d , only 18 percent less than the NRC (1976) 
recommendation. 
4. In yitro organic matter digestibility underestimated the 
actual in vivo digestion of the grazing animal's diet. I found a 
2.9percent un1erestimation by the in vitro technique of in vivo 
digestibility as reported in results of the laboratory study. If 
this discrepancy can be applied to the field study, the use of the 
in vitro technique underestimated daily intake by 6 percent. 
5. The CERT field-conducted measurements overestimated the 
energy expenditure of the free-ranging animal. CERT does not pro-
vide a direct measure of daily energy expenditure, and the relative 
estimate may overestimate actual energy expenditure by at least 10 
percent. This overestimation cannot be quantified without the con-
current use of a conventional calorimetric technique. 
Given the possible limitations, two final points can be 
discussed: 
1. The central hypothesis of this study was that the daily 
energy expenditure of the free-ranging animal would be a function 
of the quantity of available forage. As this quantity diminished the 
daily time spent grazing would increase and with it, the daily energy 
expenditure. Howe ver, if each additional hour spent gra z ing in-
creases the daily energy expenditure 2 percent (Holmes e t al. 1979), 
and grazing time increases from 6 to 12 hours with a decreasing 
forage supply, the increase in the daily energy expenditure would be 
~ 12 percent. CERT methodology, even with the suggested modifica ·-
tions, could not detect that change. 
2. Assuming that the body weight changes I recorded were ac-
curate reflections of the nutritional status of these heifers, 
several standards for their maintenance can be suggested. These are: 
a. 
b. 
a digestible organic matter intake of >21 g •BW-. 75 .d-l, 
-1 
a crude protein intake of > 241 g-d , 
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. 
c. a dietary 1£_ vitro organic matter digestibility of> 38 
percent, and 
d. -1 a forage supply of ~390 kg· ha 
The energy standard cannot be defined because of the variability 
associated with the mean value I have reported. 
Summary and Conclusions 
This study was designed with three objectives. These were to 
(1) determine the energy expended by h e ifers g razin g a variable 
supply of available forage during the summer grazing season, (2) 
determine the differences in energy expended by heifers grazing 
seeded rangelands and penned animals consuming a diet of similar 
quantity and quality, and (3) develop a table of energy require-
ments for a heifer grazing crested wheatgrass rangeland during 
the summer grazing season. 
Energy expenditure was estimated twice for four heifer s during 
eac h of five ten-day trials durin g June, July, August and early 
September, 1979. These estimates were obtained using the carbon 
dioxide entry rate technique. In addition, total fecal output, 
dietary crude protein, and dietary in vitro organic matter digesti-
bility (IVOMD) were estimated while the animals grazed a 20 ha 
pasture. Four-day total fecal collections with four heifers were 
-made during each period. Forage availability during each 
period was estimated using the ocular-weight estimate method and 
2 forty 1 m circular plots. 
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The energy expended by free-roaming animals was estimated as 
161 kcal•kgBE-· 75 -d- 1 • The associated confidence interval was +27 
percent of the mean. This large variation was due to the inability 
to collect in the field a urine sample pooled over 12 hours and 
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the failure of 75 percent of the samplings to provide any urine 
sample for subsequent analysis for specific activity. The estimated 
mean showed no response to a forage supply which declined from 
-1 -1 880 kgDM·ha in late June to 284 kgDM·ha in early September. 
Daily intake, estimated formthe ratio of total fecal output 
to the undigested fraction of the dietary extrusa samples, averaged 
1.3 percent (0MB) of BW and was independent of the amount of availa-
ble forage. Fecal excretion rate s averaged 0.78 percent (0MB) of 
BW per day and demonstrated no significant changes across trials. 
Body weights averaged 305 kg and did not differ sig nificantl y 
across trials. The change in body weight showed a significa nt de-
cline during trial 4 when animals had an average daily weight loss 
of 0.63 kg. 
Dietary crude ptorein content declined from 7.3 percent to 
5. 7 percent, but these apparent changes proved statistical l y non-
sig nificant. In additiona, the low value of 5.7 percent was greater 
than the highest CP content of avai]able forage (5.6 percent on a 
whole plant basis. The ability of the grazing animal to select a diet 
higher in CP content than that available on a whole plant basis is well doc-
umented (Kothmann 1980). Changes in crude protein intake across trials were 
-1 
also nonsignificant, and the total daily intake average of 249 g·d 
was 40 percent less than the NRC (1976) recommended level of 400 
-1 g-d Dietary IVOMD was continually less than the IVOMD of the 
available forage, but these within-trial percentages were nonsigni-
ficant. However, the 29 percent decline in dietary IVOMD from 43.3 
percent in late June to 34.3 percent in early September was statis-
tically significant (P.::_0.10). 
During early July, 1980, crested wheatgrass was harvested as 
hay and fed to 260 kg yearling Angus heifers restrained in metabo-
lism stalls in a thermoneutral and constantly illuminated labora-· 
tor y . Daily feeding levels were 1. 3 percent (0MB) of BW. Energy 
-.75 -1 
expenditure under these conditions was 111 (±:12) kcal-kgBW ·d , 
6 kcal greater than the mean estimate of the fasting metabolism. 
These two estimates of maintenance and fastin g metabolism were com-
- 75 -1 bined to provide an estimate of llO kcal·k gBW · ·d (n=14). The 
co nfidence interval of this estimate was +9 percent of the mea n 
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(~_0.10). This 67 percent reduction in th e variability of this 
estimate compared to th a t obtained durin g th e fi eld study was ~ ttri-
buted to the controlled collection of a urin e sample over 12 hours 
and the doubling of 14 c-Hco; infu s tion rates to 100 nCi·m- 1 . 
Of the 45 percent increase in the estimated energy expenditure 
by heifers under free-roamin g conditions, 50 percent was attributed 
to the energetic cost of the time spent grazing. The energetic 
-1 -1 
cost of this activity was assumed as 0.82 kcal·kgBW ·hr of grazing 
time. Daily travel was estimated as 3.9 km and at an assumed ener-
-1 -1 getic cost of 0.58 kcal•kgBW ·km accounted for 20 percent of the 
estimated increase in energy expenditure. I could not account for 
the remaining 30 percent. 
In vivo OM digestibility of the crested wheatgrass hay was 
50.3 percent as compared to IVOMD percentages of 51.0 and 47.2 when 
using rumen inoculum from heifers consuming diets of alfalfa and 
crested wheatgrass hay, respectively. 
The resulting nitrogen balance for the stall-fed animals was 
-6.3 gN·d -1 -1 The N intake was equivalent to 177 g CP·d , a value 
below that determined for grazing heifers during the five trials of 
the field study. These data would indicate an apparent zero balance 
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of l':l' when CP intake equaled -1 216 g·d , assuming N losses were simi-
lar during the 1979 field season. Thus, though CP Intake levels 
were well below NRG- (1976) recommendatio1!s, protein int ake under 
summer grazi n g co nditions coul d be assumed to be adequate for main -
tenance. 
The energy balance data indicated that cres t ed wheatgrass would 
not provide sufficient energy for maintenance at an intake of 1.3 per-
-1 
cent of BW·d . Given the estimated ME content of the crested whaatgrass 
hay, the daily intake of ME by the grazing animal would be 5. 2 Meal· d-l, 
nearly 40 percent below the recommended (NRC 1976) da ily level of 
-1 9. 3 Mcal·d . The estimated heat increment losses redu ce d NE intake 
to a level insufficient to meet basal energy demands. 
Recommendations 
Recommendations resulting from this research are divided into 
two categories. These categories are future research objectives 
and improvements in CERT methodology. 
Future research objectives would include: 
1. Comparative estimates of energy expenditure for seeded vs. 
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native ranges, different grazing systems, and between grazing species. 
2. Estimation of undigested dry matter fill and digesta pas-
sage rates for Ghangingdigestion rates of a particular forage or 
diet. 
3. Clarify the minimum standards for maintenance proposed in 
this study. 
4. Re-examine the daily energy expenditure of the free-ranging 
animal using the improvements in CERT methodology suggested below. 
Combine this with a field-obtained estimate of mctaholizable energy 
intake. 
Improvements in CERT methodology: 
1. 14 -Infuse C-Hco 3 intraperitoneally to provid e a closer correla-
tion with regressions by Young (1970) relating co2 entry rate to 
energy expenditure. 
2. Make total collections of urine rather than utilizing an 
untested mechanical device. 
3. Increase infusion rates to 200 nCi·min- 1 . 
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4. Analyze urine samples immediately upon collection for 
specific activity. 
5. Reduce the bulk of the 14 C-HCO- infusion 3 pump system. 
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APPENDIX 
Appendix A. Table 11. Mean Monthly Precipitation (mm) and Maximum 
and Minimum Temperatues (°C) of the Field . Study ., 1979. 
Month Precipitation 
May 
June 
July 
August 
September (1-5) 
29 
0 
6 
29 
0 
Temperature 
Mean 
Maximum 
25.3 
28.6 
29.4 
29.3 
Minimum 
7.8 
12.1 
12.8 
10.0 
Extreme 
Maximum 
31.1 
32. 7 
33.3 
30.5 
Minimum 
1.7 
7.8 
11.1 
10.0 
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